Optical imaging techniques use visual and near infrared rays. Despite their considerably poor penetration depth, they are widely used due to their safe and intuitive properties and potential for intraoperative usage. Optical imaging techniques have been actively investigated for clinical imaging of lymph nodes and lymphatic system. This article summarizes a variety of optical tracers and techniques used for lymph node and lymphatic imaging, and reviews their clinical applications. Emerging new optical imaging techniques and their potential are also described.
INTRODUCTION
Optical imaging that uses nonionizing radiation in the visible to near infrared (NIR) wavelengths has several advantages when used for biomedical purposes. For instance, nonionizing light does not harm human health, and optical imaging can provide intuitive visual information. These safe and intuitive properties render optical imaging potentially helpful and practical for intraoperative use.
On the other hand, wavelengths used in optical imaging have shallow penetrating power to view the inside of the entire human body, mainly due to attenuation and scattering. In optical light, NIR in the range of 700-1000 nm in wavelength has relatively high tissue penetration depth of up to one centimeter, in contrast to that of visual ray (less than one millimeter), and produces low autofluorescence from the human body, which leads to a high signal to background ratio (1, 2) . Nevertheless, even penetration power of NIR is still insufficient to reveal deep tissues of human body. These properties have hindered clinical usage of optical imaging.
A practical method to overcome the drawbacks of optical imaging is to determine the appropriate clinical indications for which shallow penetration power suffices. Thus, lymph node and lymphatic imaging is assumed as the most appropriate medical application for this technique. Intraoperative imaging might be the best application since dense overlying tissue could be moved aside during the operation. Finally, a combination of optical imaging and other imaging modalities may yield a synergic effect.
For lymphatic imaging, contrast agent is generally needed to be introduced into the lymphatic vessel. Once cannulation is made into the lymphatic vessel, contrast agent can be directly injected and visualize it. However, this method is not preferred because of its technical difficulty and its invasiveness often results in severe complications. Alternatively, an interstitial route to lymphatics can be used. After subcutaneous or intradermal kjronline.org 22 Lee et al. injection, the contrast agents are transported into the lymphatic system. In this method, the particle size of the contrast agent is the most important factor to determine imaging quality. A particle size of approximately 10 nm is preferred because particles < 6 nm quickly diffuse into the surrounding tissues after entering the lymphatic vessel and particles > 100 nm tend to remain in the interstitium. With this understanding, optical tracers have been modified to meet the biosusceptibility and size conditions enabling their use in lymphatic imaging in clinical practice.
Herein, we state review optical tracers and techniques that are used medically and review their clinical applications obtained from a literature search. Other emerging optical imaging techniques and their potential are also described.
Techniques and Tracers for Optical Imaging

Fluorescence Imaging
In general, substances that absorb light energy change to an unstable excitation state from the ground state and then revert back to the ground state after energy transition. This energy transition includes vibrational energy, heat energy, and light energy (fluorescence). A substance that selectively absorbs light of a certain wavelength is called a chromophore. When it emits fluorescence after absorption of excitation light, it is called a fluorophore. In most cases, fluorescent light has lower energy and a longer wavelength relative to the excitation light, since fluorophores release a certain amount of energy in the form of vibrational relaxation before photoemission.
For fluorescence imaging, a fluorescence-sensor, commonly a fluorescence camera, detects the filtered fluorescence of the typical wavelength emitted by the fluorophore, which reflects the biological process of the body. Some fluorophores can be administered into the body to act as a kind of imaging contrast medium; these fluorophores are called exogenous fluorophores. The body intrinsically emits fluorescence, as many components of the body exhibit weak fluorescence (autofluorescence); these components are called endogenous fluorophores. Since autofluorescence changes in some pathologic conditions, autofluorescence imaging can have biomedical relevance. Since both endogenous and exogenous fluorophores have specific wavelengths at which they absorb light for fluorescence emission and at which they emit fluorescence, it is important to select appropriate excitation wavelengths and filtering conditions to ensure emission of light for good quality fluorescence imaging.
Autofluorescence by Endogenous Fluorophore
Autofluorescence is natural tissue fluorescence emitted by endogenous fluorophores, such as flavin and collagen (3). These emissions differ based on the tissue type due to biologic features, such as fluorophore concentration (3) . Endogenous fluorophores are usually excited by visible light wavelengths from 400-700 nm, with hemoglobin as the main chromophore. Therefore, increased blood volume may also affect tumor autofluorescence. Autofluorescence imaging uses these differences in fluorescent emission intensities between lesions and normal tissue to facilitate lesion detection. Currently, autofluorescence imaging is most commonly used for ocular and gastrointestinal imaging, and is useful for detecting early esophageal squamous cell carcinoma (4, 5) . Autofluorescence imaging can be safely applied, since exogenous fluorescent contrast is not administered into the body, which can be potentially toxic. However, the signal to background ratio in autofluorescence imaging is generally low due to subtle autofluorescence differences between normal tissue and lesions; its specificity to identify lesions is insufficient to be used alone for diagnosis. Although video endoscopes improve spatial resolution and color contrast over earlier fiber optic endoscopes (6), further technical advances in autofluorescence imaging are required for it to be used as a stand-alone diagnostic modality in clinical practice (7) .
Organic Fluorophores
Exogenous fluorophores are preferred over autofluorescence for image contrast in biomedical optical imaging. Exogenous fluorophores are mainly classified into organic and inorganic fluorophores. Organic fluorophores include fluoresceins, rhodamines, and most cyanines. Among the many kinds of fluorophores, fluorescence tracers for biological application are limited to biomolecules that emit NIR wavelengths to minimize autofluorescence and improve signal to background ratios.
In addition to fluorescent properties, potential toxicity must also be considered for biological applications. Currently, the United States Food and Drug Administration (FDA)-approved fluorescent contrasts include only fluorescein and indocyanine green (ICG). Newer organic fluorophores, including sulfonated indocyanine dyes (e.g., Cy 7), sulfonated carbocyanine dyes (e.g., Alexa Fluor 750), and sulfonated rhodamine dye (e.g., Alexa Fluor 633), are Optical Imaging for Lymph Nodes and Lymphatic System synthetic fluorescent dyes with better optical characteristics and are more photostable and brighter than the preexisting original dyes (8) . Sulfonation of the molecular surfaces of these organic fluorophores leads to hydrophilicity. However, they are currently not FDA approved. Besides, they must be conjugated to antibodies, peptides, or proteins as optimal lymphatic tracers due to their small size (9) (10) (11) . Since the conjugations of fluorophore and macromolecules may have a different toxicity profile from its components, their toxicity must be validated before clinical application. Furthermore, the optimal fluorescent signals are still insufficient to provide adequate image quality as compared to inorganic fluorophores, although their fluorescence is more intense than fluorescein or ICG.
Fluorescein is the most common example of a fluorescent contrast, which was approved by the FDA in 1976. In the literature, about 5% of patients experience adverse reactions to intravenous fluorescein, and the most common symptom is nausea and vomiting (12) . Fluorescein is a dark orange-to-red powder with an absorption peak of 494 nm and an emission peak of 521 nm. Fluorescein has a higher quantum yield compared to ICG; however, self-absorption of fluorescence by the surrounding tissue with fluorescein is more significant than ICG in vivo due to the relatively low absorption and emission peaks of the former.
Indocyanine green is the most commonly used NIR fluorescent contrast medium for lymphatic imaging in clinical practice. ICG was introduced to measure cardiac output and was granted FDA approval in 1959 (13) . During its more than 50 years of use in various clinical settings, adverse reactions to ICG have been rarely reported (14) . In general, ICG is regarded as safe; however, caution should be exercised in case of patients with renal insufficiencies (15) . Although ICG appears dark green under natural light, it appears more fluorescent than green once injected into the human body in amounts < 20 mg ( Fig. 1) (16) . Its absorption peak is approximately 780 nm and its emission peak is approximately 830 nm in a dilute aqueous solution. Although ICG has large overlapping absorption and emission spectra, it can still be easily detected by NIR fluorescence imaging systems. Motomura et al. (17) first reported the potential of ICG as a tracer for sentinel node mapping. However, this technique is merely a substitution for blue dye without a fluorescent detecting system. In 
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the aforementioned article, the success rate for detecting sentinel nodes guided by ICG was 74% of 172 breast cancer patients. Kitai et al. (18) reported a new sentinel lymph node mapping technique guided by ICG fluorescence using a hand-held fluorescence detection device in breast cancer patients with a detection rate of 94%. This was the first reported use of ICG as a NIR dye. Detailed clinical uses will be reviewed in the following section.
Quantum Dots, Inorganic Fluorophores
A quantum dot (QD) is a nano-sized crystal composed of semiconductor materials. When QDs absorb enough light energy to cause an electron to leave the valence band and to enter the conduction band, an electronhole pair is produced. During the process of the reunion between the electron and the hole, light is emitted (19, 20) . The emission wavelength is closely associated with both the composition and size of the QD. Consequently, the wavelength is dependent on the particle size when the material that makes up QDs is the same. Therefore, by changing the size of QDs, various emission wavelengths can be simultaneously produced by a single excitation light, which enables multiplexed biological imaging. In vivo multicolor lymphatic imaging technique with quantum dots has been successfully demonstrated in animal models (21, 22) .
In addition, a number of advantages over conventional fluorophores make QD an attractive optical imaging material. QDs have a wider excitation range and a sharp and nearly symmetrical emission peak (19) . Therefore, autofluorescence and background scattering can be minimized by excitation wavelengths far from the emission peak and still within the absorption spectra. Furthermore, QDs have higher quantum yields and greater penetration depth. Lastly, QDs are photostable for longer and are resistant to photobleaching due to their inorganic composition (23, 24) . This enables temporal discrimination of a true signal from autofluorescence and scattering. Overall, QDs provide good optical image quality with higher resolution greater sensitivity.
While QDs have desirable qualities for optical imaging, concerns regarding toxicity need to be addressed. Although data about toxicity of QDs is not consistent, QD toxicity has been described (25) . Uncoated cadmium, which is commonly used for core semiconductor of QDs, is cytotoxic. Therefore, the metalloid core is capsulated by inorganic shell to stabilize the core and reduced toxicity. Still, possible leakage of the toxic core heavy metal out of shell is the major concern since core-shell complex may become labile under oxidative and photolytic conditions. With this concern, attention has been paid to cadmium-free QDs. Many researchers are studying to develop novel cadmiumfree QDs with good performance comparable to currently used cadmium containing QDs but with low toxicity. Nevertheless, their present biomedical use is limited to the preclinical stage.
Fluorescence-Conjugated Multimodal Tracers
Unlike optical imaging that has intrinsic limited penetration depth, clinically-approved imaging modalities, such as positron emission tomography (PET), single photon emission computed tomography (SPECT), computed tomography, and magnetic resonance imaging (MRI), have sufficient penetrating power and have irreplaceable individual clinical utility. Multimodal imaging, which combines optical techniques with clinical techniques, can achieve synergistic effects.
The recent development of nanotechnology enables the production of new agents combining both a PET tracer and fluorescent tracer, allowing the convenient use of the combined system with single injection (26, 27) . In addition to combining with PET, fluorescence and gamma tracers can also be conjugated for clinical imaging and intraoperative guidance (16, 28) . Radionuclide provides deep tissue imaging of the whole body and optical imaging enables longitudinal study even after radionuclide decay. Moreover, optical and PET or SPECT imaging can be cross-validated with dual function probes, since replacing isotopes with fluorescent markers may affect the biodistribution of a tracer (28) .
MR lymphography can provide excellent anatomical information of deep lymphatic channels and lymph nodes using gadolinium or iron oxide-based contrast. While MRI is a good modality for preoperative planning, NIR imaging is a good modality as a real-time intraoperative guidance. Studies introducing NIR/MR dual probes for lymphatic imaging have been reported (29, 30) . With these probes, both NIR and MR imaging can be obtained by single injection.
Active Targeting Fluorescent Tracers Specific for Lymphatics or Metastases
In lymphatic imaging, active targeting tracers can specifically bind to a target molecule, such as lymphatic Optical Imaging for Lymph Nodes and Lymphatic System endothelium or metastatic lymph nodes, whereas a fluorophore just drains into lymphatic vessels without any specific binding affinity to the lymphatic tissue when it is subcutaneously administered. The common strategy of generating an active fluorescent targeting tracer is direct conjugation of a fluorophore with specific ligands to recognize target molecules. Another recent strategy is through chemical reaction, such as enzymatic cleavage to switch from a less fluorescent form into a highly fluorescent form when approaching target molecules.
Lymph
There have also been attempts to generate molecules that can actively target metastatic lymph nodes. Sampath et al. (34) . In the aforementioned articles, a combination of optical and PET imaging successfully visualized primary tumors and metastatic lymph nodes.
Although active targeting has been reported to have some advantages over traditional optical imaging techniques, such as higher lymph node uptake and lower nonspecific background uptake, thereby leading to increased target to background ratio and better spatial resolution (32), few human studies have been attempted. To date, active targeting tracers have less optimal specificity than expected and medical usage is not yet approved due to structural complexity issues and potential toxicity.
Photoacoustic Imaging
Photoacoustic imaging is a hybrid imaging method using exciting nonionizing light (pulsed laser) and emitted ultrasound signals from endogenous or exogenous chromophores. When laser pulses are delivered into tissues, some of them are absorbed into endogenous or exogenous chromophores and are converted to heat. The heat leads to pulsatile thermal expansion and subsequent relaxation of the tissue with a negligible temperature rise, which does not result in physical damage. This serial process generates wideband acoustic emissions with much greater penetration depth than that of fluorescence emission, which overcomes the depth limitation of fluorescent light (9, 35, 36 ). An acoustic detector receives the propagated ultrasound at the surface, and the image is reconstructed by measuring propagation time, similar to typical ultrasound imaging.
In the body, biologic components, such as hemoglobin, melanin, or water, act as endogenous chromophores. Photoacoustic signals from the body are highly related to changes in these specific components. Therefore, the intensity of the photoacoustic signal can reflect the physiological nature of the tissue. Since blood has sufficient endogenous chromophores, it provides high contrast for photoacoustic imaging to visualize blood vessels. Common uses of photoacoustic imaging are for monitoring tumor angiogenesis, blood oxygenation in tissues, and detecting skin melanomas.
Exogenous chromophores can be utilized to further increase image contrast and can be used for sentinel lymph imaging by subcutaneous injection. These contrast agents could be methylene blue or nanostructures that absorb NIR light. Photoacoustic imaging can easily be applied in human studies as methylene blue, a FDA-approved vital blue dye originally used as a lymphatic tracer, can be used as an exogenous chromophore and a clinical ultrasound apparatus can be used without major modification (37) . This approach for detecting sentinel lymph nodes is currently being studied in clinical trials in breast cancer patients (38) . Nanostructures, such as carbon nanotube, gold shell, or gold nanocages, are under study but now are limited to preclinical use. Since photoacoustic imaging methods can be used to visualize deep tissues, it is expected that it will be used for diverse clinical applications in addition to lymph or lymphatic imaging.
Despite the high potential of this methodology, some technical problems remain to be solved. For instance, the bulky size, complexity, and price of the pulsed laser apparatus are the main hurdles to widespread clinical application.
Diffusion Optical Imaging
Diffusion optical imaging is also an extension of the NIR fluorescence imaging method, but its uniqueness lies in its ability to detect the amount of absorption and scattering of the NIR light as it travels through tissue.
Detection of optical signals is technically challenging due to the large amount of absorption and scattering when light travels through tissues at optical wavelengths. There have been many efforts to minimize the scattering effect and to improve the spatial resolution of optical imaging. NIR has been the focus due to its high penetration ability; however, NIR light causes a lot of scatters which prevent acquiring good images through tissues more than 5 mm thick. Conversely, some researchers accept scattering as an inevitable factor of optical imaging and instead focus on large volume and lower resolution imaging methods. The amount of absorption and scattering depends on differences in the chemical and physiologic composition of the tissue. Therefore, diffusion optical imaging is functional imaging for revealing tissue characteristics with respect to tissue components, providing delicate anatomical information. The transillumination method for hydrocephalus is considered to be the first clinical application of diffusion optical imaging. Recently, diffusion optical imaging has been used to image brain function and the breast (39) . However, this technique is assumed to be inappropriate for lymph nodes and lymphatic images.
A summary of the aforementioned three optical imaging techniques is provided in Table 1 .
Typical Clinical Applications of Optical Lymphatic Imaging Lymphatic Imaging for Sentinel Lymph Node Biopsy
The concept of a sentinel node was put forward around the end of the 20th century (40) . Morton et al. (41) demonstrated lymphatic mapping in melanoma with colloidal gold in 1977, and later, in 1992, with blue dye. In breast cancer as well as melanoma, sentinel nodes are visualized with blue dye (42) and with radiolabeled colloids (43) . Since the introduction of sentinel node mapping with vital dye, sentinel node biopsy has been widely adopted as an alternative to invasive radical lymphadenectomy. Now, sentinel node biopsy is the standard procedure for earlystage breast cancer and melanoma with clinically-negative lymph nodes (44, 45) .
Although either blue dye or radionuclides are typically used for intraoperative sentinel node mapping, better detection rates have been reported when combining blue dye with radionuclides (46) . Blue dye can be used as a good intraoperative visual guide for lymphatic drainage, and radionuclides are good for preoperative planning. While blue dye can offer real-time visual guidance, blue dye alone essentially needs more skin excision to remove the sentinel node since the blue color of the sentinel node cannot be easily seen through the skin. While radionuclides have great penetration ability, radionuclides alone require a certain amount of time for the surgeon to adjust to the system because radionuclide cannot be used for real-time visual guidance. Therefore, NIR fluorescence lymphangiography Optical Imaging for Lymph Nodes and Lymphatic System has been studied for more than a decade to overcome these issues (47) . Near infrared fluorescence lymphography has some advantages over conventional modalities, as it provides real-time visual guidance with relatively good penetration. Currently, various sizes of fluorescence imaging systems have been developed for clinical application from a handheld system to a room-based system (Fig. 2) . Since ICG is the only clinical lymphatic tracer used that is currently approved by the FDA and by the European Medicines Agency, many researchers have tried to apply ICG for lymph node mapping in a variety of cancers, including breast cancer, melanoma, vulvar cancer, and gastric cancer (48) (49) (50) (51) .
Breast cancer is the most researched cancer for ICGguided sentinel lymph node biopsy (16, 30, 48, (52) (53) (54) (55) (56) (57) (58) (59) (60) (61) (62) . In general, ICG showed good performance for sentinel node detection ( Table 2 , Fig. 2 ). Although the detection rate of sentinel lymph nodes by ICG is 100% in most cases, transcutaneous visualization is variable from 31% to 94%. In the most recent study conducted by Verbeek et al. (48) , 100% of sentinel nodes were detected with ICG fluorescence, while 88% of sentinel nodes were detected with radioscintigraphy. However, radioscintigraphy was required for initial localization in two cases whose sentinel nodes were missed by ICG fluorescence alone. These results suggest that transcutaneous visualization of axillary A. They range from small, simple, hand-held type to large room-based type. B. ICG solution is injected subcutaneously into periareolar area before operation. C. Lymphatic flows (arrowheads) can be assessed using near infrared fluorescence imager over intact breast skin. D. During operation, intense fluorescence is identified in sentinel lymph node (arrows).
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lymph nodes by ICG is still limited due to the penetration ability of NIR compared to radionuclides and it is difficult to find some sentinel lymph nodes, especially the deepseated axillary lymph node using ICG fluorescence signal only. Overall, it appears that ICG is a superior alternative for sentinel lymph node mapping to blue dye, although radioscintigraphy still has a role for initial localization of deep-seated sentinel lymph nodes. Further studies, including investigating multimodal imaging techniques, for improving localization and detection are needed to determine the gold standard among those modalities.
With respect to intraoperative usage, human eyes are insensitive to NIR light from ICG, which could be a doubleedged sword for its clinical application. This property of NIR tracers might be an advantage over blue dye as surgical fields are not obscured when NIR fluorescent tracer is used. Conversely, NIR tracer always requires an additional device/ equipment to detect the fluorescent signal.
Peripheral Lymphatic Imaging for Lymphedema
Lymphedema can be divided into two categories based on pathology. Primary lymphedema is a congenital form due to a genetic defect, while secondary lymphedema is an acquired form due to lymphatic vessel damage. As the number of cancer patients increases and their survival improves, secondary lymphedema as a surgical complication has become widespread. In most cases, conservative treatment is applied, and microsurgery, such as lymphaticvenous anastomosis, has proven to be successful for treating early peripheral lymphedema that is not sufficiently responsive to conservative treatment (63) . Therefore, detection of early stage lymphedema is important to identify those in whom surgical procedures would be helpful and follow-up is needed to evaluate surgical outcome.
There have been many efforts to find alternatives for indirect visualization of lymphatic vessels, since direct lymphangiography is invasive and often results in severe complications. Although lymphoscintigraphy is the most commonly used method to visualize lymphatic circulation, recent studies have demonstrated the value of ICG lymphography to evaluate lymphedema. Mihara et al. (64, 65) performed comparative studies between ICG lymphography and lymphoscintigraphy. The authors reported that ICG lymphography had better sensitivity than lymphoscintigraphy, while the two modalities showed equally good specificity in mild upper limb lymphedema (64) . In another study, better sensitivity and specificity of ICG lymphography in secondary lymphedema of the lower limbs were realized, especially for diagnosis of early lymphedema (65) . With these results and the advantages of ICG lymphography over lymphoscintigraphy, such as realtime intraoperative visualization and no radiation exposure, ICG lymphography seems to be a suitable alternative for surgical planning and post-treatment follow-up. Specific axillary sentinel node signal through skin. BD = blue dye, ICG = indocyanine green, N/A = not available, RT = radiotracer, SLN = sentinel lymph node kjronline.org 29
Optical Imaging for Lymph Nodes and Lymphatic System
Future Directions
New advances in optical probes hold great promise for optical imaging. Active fluorescent dyes that target specific ligands such as LYVE-1 and HER2 are promising techniques of the future. On the other hand, multimodal probes, such as combining ICG and a radionuclide, might be utilized in clinical practice in the near future as a lymphatic imaging tracer.
Recent technological developments have generated new optical imaging concepts, such as photoacoustic imaging and diffusion optical imaging, to improve tissue penetration. The potential of these new techniques has been validated in humans in recent years. Further development and testing are needed before applying these techniques in clinical practice.
CONCLUSIONS
Recently, optical imaging for the lymphatic system and lymph nodes is being used in specific clinical areas. Among the various optical imaging techniques and tracers, NIR fluorescence imaging using ICG is the only de facto clinically adopted technique by virtue of its clinical availability and technical ease. However, ICG fluorescence imaging is insufficient for solving all existing clinical needs, such as detecting deep-seated lymph nodes. Therefore, novel optical techniques that are cost-effective, technically convenient to use, and able to assess and image deeper tissues, are required for wider applications in the near future.
